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We apply a recently proposed mechanism - in which an SU(3) symmetry predicts the weak mixing angle - 
to construct realistic theories with composite quarks and leptons at a TeV. Although the models are strongly 
coupled, they are reliably analyzed using complementarity and 't Hooft's anomaly matching. In the simplest 
models the right-handed fermions are composite, while the left-handed are elementary. Strong SU(2)r forces 
give rise to 12-particle instanton-mediated processes. They violate baryon and lepton numbers by three units 
and result in spectacular multilepton and multijet events at the LHC. Models in which the leptons are in an 
5 , f/(3)-triplet can be directly tested in muonium-antimuonium conversion experiments. 



1. Introduction 

The one quantitative success of physics beyond 
the standard model (SM) is the prediction of the 
weak mixing angle by supersymmetric grand uni- 
fied theories (GUTs) §. Running the SU(5) pre- 
diction sin 2 6 w = 3/8 §H from the GUT scale 
to the weak scale in supersymmetric theories pro- 
duces the measured value of 0.231 within theoret- 
ical uncertainties. This requires the existence of 
a large energy desert above the weak scale. For a 
theory with a low cutoff, a different approach is 
necessary. 

Recently, a new mechanism for predicting the 
weak mixing angle with TeV-physics was pro- 
posed Q. ft leads to the unification of the two 
electroweak gauge couplings into their SU(3)- 
symmetric value, giving sin 2 6\y = .25 at tree 
level. Since this value is close to the experi- 
mental value of sin 2 9w = .231 at Mz, "SU(3)- 
unification" occurs at a few TeV [Q. 

In this paper we show how this mechanism can 
be incorporated in models with composite quarks 
and leptons. Specifically, we consider models with 
an SU{2)r gauge group that becomes strong and 
confines at around a TeV. The resulting com- 
posite fermions are all the right handed quarks 
and leptons of the standard model. All the mod- 
els predict the correct value of sin 2 9w to within 



a few percent, provided that the compositeness 
scale is near a TeV - as motivated by the hierar- 
chy problem. In general, it is difficult to analyze 
the spectrum of strongly coupled field theories, let 
alone predict any quantities to within a few per- 
cent. Yet, in the models we propose all the prop- 
erties of interest can be reliably analyzed. One 
reason is that the strongly coupled phase of our 
models is "complementary" to the weakly coupled 
Higgs phase which can be studied within pertur- 
bation theory ||. 

The crucial ingredient guaranteeing comple- 
mentarity is that all the Higgs fields that de- 
velop VEVs are in the fundamental representa- 
tion of the gauge group. As a result, the Wil- 
son line is always screened by the Higgs field 
and does not discriminate the confinement and 
Higgs phases - leading to the conjecture that 
there is no essential difference between the two 
HQ. In particular, the spectrum of massless 
composite fermions produced by the strong con- 
finement dynamics is deduced by the much easier 
task of reading-off the massless fermions in the 
Higgs phase. An important check of this strat- 
egy is 't Hooft's anomaly matching condition. It 
states that any exact global symmetry sponta- 
neously unbroken by the strong confinement dy- 
namics, must have the same global anomalies in 
the infrared as it does in the ultraviolet. In others 
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words, the anomalies of the of the unbroken global 
currents must be the same weather evaluated by 
using the elementary fermions or the massless 
composite fermions produced by the strong dy- 
namics. Complementarity is a good strategy for 
looking for theories satisfying 't Hooft's match- 
ing conditions. We will use both of these tools 
to ensure that we indeed get the spectrum of the 
standard model in our theories. 

In the section 2 we will discuss a minimal real- 
istic composite model predicting sin 2 9 W . In sec- 
tion 3 we will generalize it and we will conclude 
with experimental signatures in section 4. 

2. The Strong Left-Right Model 

Before we describe the model, we review the 
mechanism which predicts the correct low energy 
value of sin 2 9\y with relatively small theoretical 
uncertainties. 

Start with the SM, SU(3) C x SU(2) x 17(1) 
with all matter and Higgs in their normal rep- 
resentations, and add an SU(3)w gauge sym- 
metry. A single scalar representation E con- 
nects the SU(3) W to SU{2) x U(l) - it is a 
triplet of SU(3)w and has the Higgs quantum 
numbers (2, +1/2) under the SU(2) x U(l). A 
generic potential allows E to get a VEV which 
breaks SU(3) W x SU(2) x U(l) to the diagonal 
SU(2)l x U(1)y- If the gauge couplings of the 
original SU(2) x U(l) are at least somewhat big- 
ger than the SU(3)w coupling, then there is a 
large region in parameter space in which the low 
energy couplings reflect the SU(3) symmetry up 
to a few percent correction [Q . The symmetry in- 
sures that at the breaking scale M, the low energy 
gauge couplings approximately satisfy the SU (3) 
relation g/g' = \/Z or sin 2 8w = -25 ||. 

Now we gauge SU(2)r. The full gauge 
sector of the model contains an SU(3)w x 
SU(3) C x SU(2) L x SU(2) R x U{l) x symme- 
try. The fermion content consists of three gen- 
erations of quarks q : (1,3,2,1,-1-1/6) and q c : 
(1,3,1,2,-1/6) and leptons t : (1,1,2,1,-1/2) 
and i c : (1, 1, 1, 2, +1/2), which become the stan- 
dard model content plus right handed neutrinos 
after left-right breaking. 

We now describe the scalars and their roles 



in the breaking to the standard model when 
the theory is in the Higgs phase. First, it in- 
cludes (f> : (1, 1,1, 2, +1/2), responsible for break- 
ing SU(2) R x U(l) x -> U(l)y. A field £ : 
(3, 1, 2, 2, 0) is responsible for breaking SU (3) w x 
SU(2) L x U(l)y -> SU{2) L x U(1) Y , the elec- 
troweak sector of the standard model. This 
breaking results in the value sin 2 9w — -25 when 
the Left-Right and x couplings are somewhat 
large Q. Finally, the standard model Higgs field 
is contained in h : (1, 1, 2, 2, 0). 

Next we switch to the confinement picture by 
taking the SU{2) R gauge coupling strong. Since 
all scalars are in the fundamental representa- 
tion of SU{2) R we expect complementarity be- 
tween the Higgs and confining descriptions to 
hold. Physics below the confining scale looks like 
the standard model; this matches the physics of 
the Higgs picture below the breaking scale, 
't Hooft Anomaly Matching: While the tools 
of complementarity allow us to construct the the- 
ory in the infrared, we perform a non-trivial check 
that the low energy spectrum is correct via 't 
Hooft anomaly matching ||. To do so, we find 
all of the global anomalies in the ultraviolet (UV) 
and infrared (IR) and see if they are equal for 
the symmetry not spontaneously broken by the 
strong dynamics. 

When the SU(3) C x SU(2) L x U(l) x couplings 
and all Yukawa couplings are turned off, there ex- 
ists a global SU (12) f symmetry which transforms 
the 12 fermion SU(2) R doublets - three quarks 
and one lepton per generation - as the fundamen- 
tal representation^ This symmetry has a global 
SU(12) 3 j: anomaly with two 12 s contributing and 
no 12 s. 

Turning off the gauge coupling of the SU(3)w 
along with any scalar potential couplings leaves 
a global U(9) s symmetry under which E, <fi and 
h together form a nine-dimensional representa- 
tion. We will number the SU(2)r doublets in 



1 Classically the symmetry is U(12)f but the U(l) is 
anomalous. 
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these scalars as follows: 
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Because these global symmetries only rotate 
scalars, there are trivially no additional global 
anomalies beyond SU (12)^ mentioned above. 

Thus the full global symmetry of the theory 
at high energies is SU(12) f x SU(9) S x U(l) a 
and the matter content is the fermion doublets 
{q c ,£ c } = ip a in the fundamental representation 
of SU (12) f and scalar doublets {E,h,<f>} = H l 
in the fundamental representation of SU(9) S and 
carrying a unit of U(l) s charge. 

We postulate the existence of a pair of conden- 
sates due to the SU(2)r gauge coupling getting 
strong which breaks the weakly coupled gauge 
groups SU(3) W x SU(2) L x U(l) x to the elec- 
troweak group SU(2)l x U(l)y This breaking is 
accomplished by 
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where the SU(2)r indices are contracted and 
M r~j V. This is the vev that would arise by 
plugging in the vev for £ and <fi from the weakly- 
coupled version of this story. 

The first of the condensates above break 
SU(9) S x U(l) s to SU(7) S x U(1) 3 S . The second 



breaks one linear combination of the C/(l)s so the 
remaining global symmetry group is SU(7) S x 
U(l) 2 . The low energy theory will contain the 
light scalars which are the goldstone bosons as 
a result of the symmetry breaking (though some 
will be eaten since a portion of these symmetries 
are gauged), and light fermions which will repro- 
duce the global anomalies of the UV theory as 
required by anomaly matching 10 1. 

In the IR we need to find composite fermions 
which produce the same anomalies in the global 
symmetries as those in the UV theory. The sim- 
plest set of composites, and their representations 
under the global SU(12) S x SU(7) S x U(lf s sym- 
metry are 

(We^): (12,1, a, 6) 

+ (12,7,0,c) + (12,l,-a,-b) 
(H\r)- (12,1, -a, -6) 

+ (12, "7,0,0) + (12,1, a, 6) (4) 

where a,6,c^ 0. 

The U (1) charges can be understood as follows: 
The two unbroken U(l)s must act trivially on the 
non-zero elements in ([}]). If we diagonalize the 
matrix in eq. (|^) using SU (9) s transformations 
making only the (1,1) and (9,9) entries non-zero, 
the other condensate (^) under the same rotation 
becomes: 
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Thus the unbroken U(l) s charges of the first 
and ninth components of H (the SU(7) S singlets) 
must be equal and opposite. One U(l) s can be 
taken as a subgroup of the full SU(9) S , and is 
therefore traceless. There exists a basis for the 
two U(l)s such that the charges chosen in eq. (|J) 
are the most general set. 

Now, to reproduce the SU(12)^ anomaly of 
the UV theory, we need two and only two 12- 
dimensional representations of fermions. There- 
fore, anomaly matching requires that only the 
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SU(7) S singlets can be the chiral matter in the 
low-energy theory. The remaining global anoma- 
lies must all vanish. This is accomplished by 
choosing two 12 s which are vector-like under the 
remaining quantum numbers. The choice is then 
just one of each linear combination of SU (7) s sin- 
glets with the same quantum numbers. 

Finally, we need to indentify the quantum 
numbers of the composite fermions under the 
unbroken gauge symmetries. Since the unbro- 
ken SU(2)l acts trivially on the original UV 
fermions ip a , then the composite fermions which 
are SU(7) S singlets will be SU(2) L singlets. The 
unbroken U(l)y is a direct sum of the U(l)x 
generator and the T 8 generator of SU(3)w with 
the normalization T 8 = diag{— 1/2, — 1/2, +1} as 
it acts on triplets. The action of U(l)y on the 
fermions ip and scalars H is via the following rep- 
resentations of the generator, respectively: 
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where we construct the fermion multiplet as tp = 
{q" 1 ,£i,q% 2 ,£2,q% 3 ,£3}; the subscripts indicate 
generation number and the «i are color indi- 
cies. We see that the £Z7(7) s -singlet parts of H 
(the first and last components) have hypercharges 
±1/2 and thus the composite quarks have hyper- 
charges -1/2-1/6 = -2/3 and 1/2-1/6 = 1/3 
and composite leptons have hypercharges —1/2 + 
1/2 = and 1/2 + 1/2 = 1 giving three gen- 
erations of u c , d c , v c R and e c respectively. The 
low energy theory has exactly the fermion content 
of the SM plus three generations of right-handed 
neutrinos. 

Fermion Masses: The light scalars will be the 
goldstone bosons associated with the breaking of 
approximate global symmetries. They can be de- 
fined as the variations around the condenstates 
(||) and (||). Nearly all of them can be described 
as variations around the first condensate: 



5{H ] H) = U = e l7r/M 
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where 7r = ir a t a is sum over only the broken gen- 
erators of the original SU(9) S global symmetry 
and contains two complex 7 representations of 
SU(7) S and a complex singlet. The 7 contains 



the Higgs and components of E, some of which 
are eaten by SU(S)w breaking. 

Without Yukawa couplings in the UV theory, 
Yukawas do not appear in the IR and an exact chi- 
ral symmetry leaves the fermions massless. If we 
introduce Yukawa couplings X u qhq c and X d qh^q c 
in the UV theory, we can treat \ q q as spuri- 
ons for global symmetry breaking. The global- 
symmetry-invariant operator becomes {X q q)H^) 1 
where (X q q) transforms as a (12,9,-1) under 
SU(12) S x SU(9) S x U(l) s . Using naive dimen- 
sional analysis (NDA) |ll]-[Il|, we estimate the 
size of the operators to be 



\ q q u _g^ 



A 3 / 2 A 3 / 2 



(7) 
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where we take A/g — k/An = Jm = M. Thus 
when U is expanded to first order, NDA gives a 
Yukawa strength in the IR equal to that in the 
UV - a result which agrees with what one would 
have expected from complementarity. 

The theory is a two-Higgs-doublet version of 
the SM. If only the "up-type" Higgs gets a 
VEV, then the couplings X u qhq c , X d qh^q c and 
X e £h ji £ c in the UV theory produce the neces- 
sary charged fermion masses in the low energy 
theory. The neutrino masses would come from 
the coupling \ u lht c thus requiring W to be ex- 
tremely small. This can be ameliorated if a sin- 
glet neutrino is added which couples as X s £ c cj>i' s 
to the right-handed neutrino. With only this and 
the above Yukawa terms, there exists a massless 
neutrino state. A small Majorana mass m s for 
the singlet produces a light neutrino with mass 
m, s {\ v h/X s (j)) 2 . This gives a symmetry reason 
for the existence of a small quantity - the fact 
that non-zero m s violates fermion number. This 
mechanism becomes more important for the case 
described below. 

The resulting model in the IR is simply the SM 
in which all right-handed fermions are composite 
with a "pion decay constant" of M ~ 3 — 4 TeV 
and in which sin 2 9w is acurately predicted to 
order a few percent. 

Theoretical Uncertainty: The main contrib- 
utors to the uncertainty in the prediction of 
sin 2 9w come from the, in principle, uncorrelated 
values of the SU{2)i x U(l)x gauge couplings. 
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As discussed in a previous paper |Q, these con- 
tributions are of order a few percent over a large 
region of parameter space in which their couplings 
are greater than unity. Another source is the un- 
known value of the SU (3)vy-breaking scale. If we 
assume it is in the few TeV range, motivated by 
theories which explain the hierarchy problem with 
a low cutoff, the uncertainty is again reduced to 
the few percent level. 

The corrections to the value of the weak mixing 
angle from strong dynamics can be estimated by 
NDA and come in the form of operators such as 



where the gauge fields are SU(3)w or SU(2)l x 
U(l)x fields, Qi are their gauge couplings and U 
breaks the gauge symmetry. From this operator, 
we estimate fractional contributions to sin 2 9^ to 
be of order (a, / Air) / g^ ~ few%. Thus, although 
this is a strongly coupled theory, a measured ob- 
servable can be accurately predicted. 

3. Variations 

One obvious question is why not take the min- 
imal module of SU(3) W x SU(2) L x U(l) f and 
let SU(2)i get strong. This model does in fact 
support complementarity and it can be shown via 
't Hooft anomaly matching that the gauge sym- 
metry must be broken in the IR. The low energy 
theory is just the SM with composite left-handed 
fermions. In addition, there is one less theoreti- 
cal uncertainty as the SU(2)i coupling has been 
removed and only the extra U(l)y remains. 

However, this model is ruled out. If we make 
the very reasonable restriction that the U(l) Lan- 
dau pole is at least a factor of 4ir larger than 
the breaking scale M, then the coupling g' < 2. 
These values of the coupling decrease the value 
of sin 2 Ow at the breaking scale M thus requiring 
a smaller M to reproduce the measured result at 
M z . For g' — 2, the measured value of sin 2 8w 
predicts a breaking scale of 1.1 TeV. The bounds 
on four-fermion operators from atomic parity vio- 
lation measurements require M > 3 — 4 TeV, with 
a slightly weaker bound coming from other oper- 
ators. A more concrete number comes from LEP 



bounds on a SM-like Z' gauge boson. The bound 
is from the elecroweak fit and is about M z > > 900 
GeV. This limit, though, comes from virtual ef- 
fects and so the coupling-independent bound on 
the [/(l)-breaking scale is 900 GeV/g z ~ 2 TeV. 

These limits can be avoided by noticing that 
the leptons make up complete SU(3)w triplets. 
If we introduce three generations of vector-like 
leptons in triplet representations, Li and Li with 
a technically natural small mass term and pro- 
mote S to the (3,2, 1/2) + (3, 1, —1) representa- 
tion, then the couplings j/LjS(£, e c ) produces a 
mass for the leptons in the 5(7(2) x U(l) sector. 
The SM leptons now do not feel the strong dy- 
namics or the coupling to a single Z'. Bounds on 
charged extra gauge bosons from LEP put a limit 
on M of about 1 TeV due to the leptons cou- 
pling to the rest of the ST/ (3) gauge multiplet. 
The strongest bound, however, comes from non- 
observation of muonium-antimuonium conversion 
which puts a limit of M > 1.4 TeV and M > 850 
GeV at 90% and 95% C.L. respectively @. Ver- 
sions of the model where only one generation lives 
in a triplet may avoid these bounds. Four quark 
operators also put a bound on the breaking scale 
at ~ 1 TeV. 

Another possible model is to put SU(2)l x 
U{l)y into the Pati-Salam group (l|. The full 
gauge group is SU(3) W x SU(4) C x SU(2) L x 
SU (2)/?, a semi-simple group in which case charge 
quantization is guaranteed. The fermions are 
three generations of Q : (1,4,2,1), Q c : (1,4,1,2) 
and v s : (1,1, 1,1). These multiplets become, af- 
ter Higgsing to the SM, the normal fermion con- 
tent plus three generations of right-handed and 
sterile neutrinos. 

The scalars are £ : (3, 1, 2, 2), h : (1, 1, 2, 2) and 
4> '■ (1, 4, 1, 2), where </> is responsible for breaking 
Pati-Salam to the SM-like groups. The relevant 
global symmetries are SU (12) / x SU (12) s x U(l) s 
analogous to those in the left-right model. We 
postulate the existence of condensates similar to 
Eqs. (§) and (^) which break the global sym- 
metries to SU (12) f x SU (10) a x [/(l) 2 . Again 
the SM is the IR field content (with extra singlet 
neutrinos) and the set of goldstones contains the 
Higgs scalar. 

A new constraint due to the Pati-Salam group 
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is on the Yukawa couplings. The couplings 
X u QhQ c and \ d Qh i 'Q c will eventually give Dirac 
masses to all the fermions in the IR, including 
the neutrinos. The neutrino masses are equal 
to the up-type quark masses with these Yukawas 
alone. Again, as in the left-right model, we add 
the coupling \ s Q c <f>v s . If we don't add Majorana 
masses for the singlets v s , then the IR theory 
has a set of left-handed massless neutrinos. A 
small Majorana mass m s produces a small Ma- 
jorana mass for the low-energy neutrinos of size 
~ m s (m q /M) 2 . 

The down-type quarks and charged leptons also 
have equal Yukawa couplings in the UV. However, 
at the scale M ~ few TeV, assuming just the 
SM particle content up to that scale, the bottom 
Yukawa is expected to be about 50% larger than 
that of the r. This discrepancy can be understood 
in the case when the theory has a low cutoff. Non- 
renormalizable operators of the form: 

-^Q c ^t Q (9) 

contribute to Yukawa couplings at the Pati- 
Salam-breaking scale M. If the SU(4) C indices 
on the </>s are contracted with the Qs, then this 
operator only contributes to the leptons. Other- 
wise, when Qs and (f>s are contracted with them- 
selves, the contribution is quark-lepton universal. 
If the cutoff A is around 30 TeV, these contribu- 
tions can be as large as 10 ~ 2 , easily enough to 
explain the dicrepancy. As complementarity sug- 
gests, this should be true in the strongly coupled 
picture and we leave this as an exercize for the 
reader. 

Besides charge quantization, a nice feature of 
this model is the reduction of theoretical inputs. 
Since the gauge coupling of SU (2)r gets strong 
and the SU (4) c coupling is fixed by the measured 
value of the QCD coupling, only the SU(2)l can 
be a significant unknown contribution to sin 2 dw 
at the scale M. There is a large region in this 
coupling's parameter space for which the contri- 
bution to sin 2 9w is order a few percent. This can 
be seen by looking at the right-most boundary of 
the plot in Figure 2 of @. 

The examples of this section have fundamental 
scalars whose masses are quadratically sensitive 



to the cutoff. One option for avoiding this is a ~ 
TeV-scale cutoff. Others are the possibility that 
the scalars are composite, or TeV-scale supersym- 
metry. 

4. Experimental Signatures and Bounds 

The models presented here have two ingre- 
dients: those responsible for the prediction of 
the weak mixing angle (such as SU(3)), and the 
strong SU{2)r sector. The experimental conse- 
quences associated with the first are the pres- 
ence of a weakly coupled SU(3), an SU(2) x U(l) 
with intermediate-strength coupling, and £ which 
bridges the two. These have already been intro- 
duced in reference [0. The new physics intro- 
duced in this paper is the SU(2)r force, which 
becomes strong at a few TeV and leads to com- 
posite right handed particles. 

The main experimental bounds to composite- 
ness come from limits on 4-fermi interactions. 
Parametrizing their coefficients as to , we obtain 
the following limits to M c : Atomic parity vio- 
lation limits the coefficient of the operator Uqq, 
M c > 4 TeV. The strongest bound on the four- 
lepton operator implies M c > 3 TeV, whereas the 
limit on the four-quark operator gives M c > 1 
TeV (assuming left-left and right-right bounds are 
about equal). Naive dimensional analysis gives 
coefficients of the four-fermion composite opera- 
tors that are of order , where M is the analogue 
of / T , leading to the identification M ~ M c . This 
shows that these constraints are consistent with 
the range of M suggested by the weak mixing an- 
gle as well as the hierarchy problem. 

In models where the leptons are in ST/ (3) 
triplets they couple to doubly-charged gauge 
bosons and therefore are most sensitively 
probed by experiments which look for muonium- 
antimuonium conversion (/i + e~ — ► /i~e + ). The 
current limits on V-A and V+A interactions are 
111 

G mM < 3.0 x 10~ 3 G F (90%C.L.) (10) 

These bounds already cover an interesting regions 
in parameter space. If higher muonium produc- 
tion efficiency can be achieved, the entire param- 
eter space of most models could be probed. 
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Perhaps the most exciting signature of the 
SU(2)r force comes from its instantons. Since 
SU(2)r gets strong, the instanton amplitude is 
large - just as in QCD. It emits twelve fermions 
(nine quarks and three leptons), one for each 
right-handed doublet. At the LHC this will re- 
sult in spectacular events with many jets and 
three leptons. The SU(2)r instantons can also 
mediate AB = AL = 3 nuclear transitions, such 
as the decay of tritium or helium-3 to three lep- 
tons. The strongest bound comes from the de- 
cay of oxygen into a state which contains thir- 
teen nucleons and three leptons; this is tested 
in the Super-Kamiokande water-stability exper- 
iment. Since the instanton is a dimension 18 op- 
erator, the rate is supressed by 28 powers of M 
and is adequately small. 

The simplest theory with composite right- 
handed particles is the three-family SU(3) C x 
SU(2) L x SU(2) R x U(l) x model, with SU(2) R 
getting strong near a TeV. This model does not 
have the new SU(3)w symmetry (so, it does not 
predict sin 2 9w), nevertheless it has all the sig- 
natures associated with composite right-handed 
particles -including SU(2)r instantons. The 
model is complementary, and it is straightforward 
to verify 't Hooft's matching conditions. 
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